2 wt% Ca was added to molten brass containing 3.2 wt% Pb. The composition and grain size of the formed Ca-Pb compound were examined in detail using SEM-EDS and XRD. This revealed that the composition of the Ca-Pb compound depends on the grain size of the liquid phase Pb and the diffusion phenomenon of the Ca in the Ca-Pb compound formed on the surface of the Pb. When the Pb has a fine grain, a compound composed only of Ca-Pb compounds is formed. When the grain size of the Pb is several μm, Ca-Pb compounds containing unreacted Pb in the center are formed. These compounds aggregate into a larger compound grain. From the evaluation of the floating force (the resultant force of the weight and buoyancy of the Ca-Pb compounds formed) and the rising terminal velocity of the Ca-Pb compound within the molten brass, it was found that the floating force and rising terminal velocity depend on the composition and grain size of the Ca-Pb compound. It was found that since Ca-Pb compounds with a floating force greater than 10 −6 g•cm/s 2 have a very large rising terminal velocity, they reach the surface of the molten brass in a short time after compound formation and then continue to float on the surface of the molten brass. Thus they can be removed by skimming. The effects of the grain size of the Ca-Pb compound on the floating force and the rising terminal velocity were greater than those of the composition of the Ca-Pb compound.
ity than other metallic materials because the added Pb significantly reduces the tool wear and cutting force required to work it while producing excellent chip breakage action. However, Pb has been recognized as being harmful to human health. In Japan, the permitted level of Pb that can be leached into drinking water supplies was revised to 0.01 mg/L in April 2003 [1] . In the European-based REACH program, the limit of the Pb contained in brass alloys has been decreased 0.5 wt% from June 2016 [2] . In the USA, the Pb content in water-bearing materials has been limited to 0.25 wt% since 2014 [3] .
Brass alloys have generally been manufactured by recycling brass alloy scrap. An important issue regarding sustainability is how to use as much recycled brass as possible. The simplest method to reduce the Pb in a brass alloy is to dilute the molten brass by adding virgin Pb-free materials. However, the accumulation of large amounts of unrecycled scrap is presenting a problem for sustainability. For this reason, dilution method confuses the recycling system functioning at present. There are several Pb removal methods, such as electrolytic decomposing [4] and pyrometallurgical decomposing [5] . However, a large scale additional infrastructure is needed at most brass mills when they try to introduce these methods. A method for Pb removal by compound separation using Ca-Si compound and NaF addition was first reported by the authors et al. [6] [7] . This method has the great practical advantage that additional infrastructure is unnecessary. In addition, the authors et al. also reported on the lifecycle assessment (LCA) of manufacturing Pb-free copper alloys [8] . It was found from LCA analysis that the conversion of the conventional system that uses virgin materials to a new system that uses recycled Pb-free copper alloy decreases environmental impacts. The mechanism of Pb removal from brass scrap by compound separation using Ca and NaF was later reported by the authors et al. [9] . On the other hand, Hilgendorf et al. reported performing Pb removal by a fluorine-free method adding Ca alone [5] . According to their results, the actual Pb removal rate obtained using an experimental furnace was about 20%, although the theoretical Pb removal rate calculated for a Cu-Zn-Pb-Ca-O system using thermochemical simulation software was 96%. This suggests that further elucidation of the mechanism for the formation and removal of Ca-Pb compound is needed to achieve a high Pb removal rate using a fluorine-free method. However, there are not many reports about Pb removal using compound separation. There are also many unclear points outstanding.
According to the results reported to date [5] [6] [7] [9], the Pb removal rate is about 20% in the case of the addition of a Ca-Si compound or Ca alone and it increases to 83% with the subsequent addition of NaF. It is considered that the Pb removal rate depends on the characteristics of the produced Ca-Pb compound and its resulting buoyancy. However, the mechanisms of the formation of Ca-Pb compounds and the kinetics of Ca-Pb compounds in molten brass have not yet been fully elucidated. Clarification of the effects of the composition and the grain size of Ca-Pb compounds on its buoyancy would enable further development of methods for Pb removal by compound separation. Mechanisms for International Journal of Nonferrous Metallurgy the formation of Ca-Pb compounds and the kinetics of the Ca-Pb compound in the molten brass were therefore investigated in the present study.
Experimental
Brass scrap (chemical composition: 59.6 wt% Cu, 3.2 wt% Pb, 0.3 wt% Sn, 0.16 wt% Fe, 0.05 wt% Ni, and bal. Zn, ingot weight: 30 kg) was melted using a graphite crucible (235 mm inner diameter, 150 mm bottom diameter and 310 mm height (Nippon Crucible, Tokyo, Japan)) in a 6 -9 kHz induction furnace (MELT-COMP-80K, Tamagawa Engineering, Fukushima, Japan) in the atmosphere. The temperature was measured using an inset type of optical fibre pyrometer (FIMTHERM-HM, Seiyo Industry, Yokohama, Japan). A Ca-cored brass wire containing 2 wt% Ca (13.6 mm outer diameter and 12.8 mm inner diameter (WING ON, Tokyo, Japan)) was injected to the molten brass at 930˚C. Then stirring was carried out for 1 min, followed by holding (without stirring) for 5 min. Small sample disks, 40 mm in diameter and 25 mm in thickness, were produced for chemical composition analysis after three different stages post melting:
after the addition of Ca and subsequent stirring for 1 min, and after holding (without stirring) for 5 min. The small sample disks were produced by partial casting using a ladle and metal molds. The microstructure of the small sample disks was examined using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) (SEM; JSM-7001F, JEOL, Tokyo, Japan, EDS; INCAx-act, Oxford Instruments, Oxfordshire, United Kingdom) and X-ray diffraction (XRD) (Smart Lab 9 kW, Rigaku, Tokyo, Japan) with Cu-Kα radiation. The electric voltage and current applied to the X-ray tube used for XRD were 45 kV and 200 mA, respectively. The scanning rate and step angle were 50˚/min and 0.02˚, respectively. The chemical composition of the small sample disk was examined using X-ray fluorescence (XRF) (Simultix 14, Rigaku, Tokyo, Japan). Figure 1 shows the SEM-EDS results for a small sample disk produced by partial casting after melting brass scrap. It was found from EDS area analysis that the white region in the BSE image is Pb. Pb grains were smaller than 3 μm and sub-μm grains were also present. Figure 2 shows the XRD profile of a small sample disk produced by partial casting after melting brass scrap. α-phase brass [10] , β-phase brass [11] and Pb [12] were identified. The intensity ratio of each plane peak for the α-phase and β-phase brass was somewhat different from that obtained using the powder method. This is because the cast structure consists of preferred-oriented crystal grains. wt% Ca consumed is due to a small amount of CaO [9] that was produced and Ca-Pb compound that floated on the surface of the molten brass. Figure 4 shows the SEM-EDS results for a small sample disk produced after holding (without stirring) for 5 min. As shown in the SE image, the huge Ca-Pb compound observed in Figure 3 Ca-Pb compounds was in the range of several μm to 10 μm. The results of area analysis were similar to those shown in Figure 3 . International Journal of Nonferrous Metallurgy Figure 5 shows the XRD profile of a small sample disk produced after holding (without stirring) for 5 min. α-phase brass, β-phase brass, Pb, Ca 5 Pb 3 [13] , CaZn 2 [14] , CaNi 2 [15] and CaNi 3 [15] were identified. The intensity ratio of each plane peak for the α-phase and β-phase brass was somewhat different from that obtained using the powder method. This is because the cast structure consists of preferred-oriented crystal grains. The intensity ratio (Pb/α-phase brass)
Results and Discussion

Characteristic of Ca-Pb Compounds
of the highest peak for Pb and α-phase brass was lower than that shown in Figure 2. This suggests that the Pb content is lower than that of post melting. Liquid phase Pb did not aggregate in the molten brass as shown in Figure 1 . It is believed that likewise liquid phase Ca-Pb compound does not aggregate. Aggregation of the Ca-Pb compound was observed as shown in Figure 3 . This suggests that solid phase Ca-Pb compounds were produced in the molten metal.
According to the Ca-Pb equilibrium phase diagram [16] , Ca 2 Pb, Ca 5 Pb 3 and
CaPb can exist as a solid phase at 930˚C. However Ca 2 Pb [17] and CaPb [17] could not be clearly identified as shown in Figure [9] . Therefore the result that Ca 2 Pb and CaPb could not be clearly identified, as shown in Figure 5 , does not mean that these Ca-Pb compounds were not formed. It is thought likely to be due to a small amount of these Ca-Pb compounds, that is, an amount less than XRD detection sensitivity. As shown in Figure 3 and Figure 4 , a region of only Pb was Figure 5 . XRD profile of a small sample disk produced after holding (without stirring) for 5 min. International Journal of Nonferrous Metallurgy not found and Ca was always detected in a region where Pb was detected. In Figure 5 , the peaks of Ca-Pb compound and Pb were detected. These results suggest that unreacted Pb is present in the Ca-Pb compound. According to the thermochemical simulation of the Cu-Zn-Pb-Ca-O system by Hilgendorf et al.,
the Ca-Zn intermetallic phase is stable at 810˚C or lower when excess Ca is present [5] . In the present study, CaZn 2 , CaNi 2 and CaNi 3 were identified as shown in Figure 5 . However, the intensity ratio of each plane peak for the compounds was somewhat different from that obtained using the powder method.
These compounds are considered to have formed during casting.
EDS quantitative analyses were carried out at 8 sites in a large Ca-Pb compound ( Figure 3 ) having a grain size of about 30 μm and on the center of 15
Ca-Pb compounds with a grain size of about 10 μm. Figure 6 shows the rela- Ca concentration tended to decrease with increasing Pb concentration. This is considered to be due to the fact that unreacted Pb remains in the center of the Ca-Pb compound, and the amount of unreacted Pb increases relatively as the amount of the Ca-Pb compound formed on the surface is small. Figure 8 shows the relationship between the Cu and Sn concentrations. There was no clear relationship between these. Sn concentration shown in Figure 8 was an order of magnitude larger than that obtained using XRF. This suggests that most of measured Sn is not due to brass alloy which occupies the space between aggregated Ca-Pb compound grains. Furthermore, no Ca-Pb-O system oxide peak was detected as shown in Figure 5 .
These findings suggest that the presence of O in the Ca-Pb compound is due to fine grains of CaO which contaminated together with the molten brass, filling the space between aggregated Ca-Pb compound grains.
Mechanism for the Formation of Ca-Pb Compounds
A schematic illustration of the central cross section of a Ca-Pb compound based on the XRD and SEM-EDS results is shown in Figure 11 . Some of the added Ca is consumed as CaO, but the amount is very small. The concentration of Ca in the molten brass gradually increases with the injection of more Ca. According to the thermochemical simulation by Hilgendorf et al., CaPb is the chief compound formed by the addition of 0.7 wt% Ca [5] . Therefore, when the grain size of liquid phase Pb is sub-μm, at first, CaPb may be formed. It is thought that as the concentration of Ca in the molten brass gradually increases, the CaPb transforms into Ca 5 Pb 3 at a Ca concentration of 1.5 wt% and then transforms into Ca 2 Pb at a Ca concentration of 1.8 wt%. Then, finally, a single phase compound consisting entirely of Ca 2 Pb is formed as illustrated in Figure 11 (a). The diffusion of atoms in intermetallic compounds takes place via vacancies [20] . Since the atomic radius of Ca (0.174 nm) is greater than that of both Pb (0.147 nm) and Sn (0.140 nm), the diffusion rate of Ca toward the center of a Ca-Pb compound is International Journal of Nonferrous Metallurgy Figure 11 . Schematic illustration of the central cross section of a Ca-Pb compound.
likely to be low. Also, since diffusion depth is proportional to the half power of time, the diffusion depth is also likely small as the holding time is short. Therefore, when the size of the Pb is slightly larger, a dual phase compound containing Ca 5 Pb 3 in the center may be formed as shown in Figure 11 (b). Furthermore, as the grain size of the Pb increases still more, the CaPb will remain in the center, resulting in the formation of a tri-phase compound as shown in Figure 11 (c).
When the grain size of the Pb is several μm, unreacted Pb will remain in the center, and specific compound is thought to be formed, as shown in Figure   11 (d). Thus, since the composition of the Ca-Pb compound depends on the diffusion of Ca atoms moving inward through the Ca-Pb compound formed on the surface of the Pb, the specific composition will vary, depending largely on the grain size of the Pb. Generally, the smaller the particle size, the larger its surface energy becomes, so it tends to aggregate more actively. That is why the aggrega- 
The Kinetics of Ca-Pb Compounds in Molten Brass
Assuming the Ca-Pb compound to be a sphere, the resultant force (floating force) of the weight and buoyancy of a Ca-Pb compound is expressed by the following equation, when the upward direction is positive [21] , International Journal of Nonferrous Metallurgy
where F is the floating force, ρ f is the density of the molten brass (7.22 , respectively. Table 1 
where V t is the rising terminal velocity of a sphere and μ is a viscosity of the molten brass (3.49 × 10 −3 g/(cm•s) at 930˚C) [22] , T t is the time until the Ca-Pb compound reaches the surface of the molten brass from the bottom of the crucible, and H is the height of the molten brass (18 cm). Differences in surface tension were ignored. Table 2 shows the values of V t and T t . When the Ca-Pb compound is formed and then begins to rise in the molten brass, the rising terminal velocity (constant velocity) is not immediately reached; it takes time.
Therefore, the time until the compound actually reaches the surface of the molten brass is longer than the value of T t in Table 2 . Since electromagnetic molten brass flow in which the molten brass continuously flows upward near the center of the induction furnace and downward near the furnace wall exists, the value of V t near the center of the furnace is greater than that in Table 2 , while the opposite is the case near the furnace wall.
Since the value of (ρ f − ρ s ) is positive when the whole grain consists of a Ca-Pb compound (of type a, b or c), these compounds rise in the molten brass. However, when the grain size of the Ca-Pb compound is small, it takes a longer time to reach the surface of the molten brass because of the small V t (Table 2) . Therefore, it is thought that these compounds tend to aggregate with each other into a large compound for the purpose of reducing a large surface energy. It is believed that the aggregated Ca-Pb compounds that have a D larger than 10 μm reach the surface of the molten brass in a short time (Table 2) Figure 4 and Figure 7 , is due to this phenomenon.
In the case of Ca-Pb compounds that contain unreacted Pb in the center, the value of (ρ f − ρ s ) of a Ca-Pb compound containing 25 vol% Pb (type d1) was positive, but when one contained 40 vol% Pb (type d2) the value was negative. This is due to the large amounts of heavy Pb. It is thought that even when D is The values (ρ f − ρ s ) of types dF and A3 containing a large amount of Pb were negative. However, the values (ρ f − ρ s ) of composite Ca-Pb compounds with the light NaF (types dF, AF1 andAF2) were positive. Even when D was 10 μm, the value of F for type AF1 was close to 10 . The Pb removal rate can be improved by subsequent NaF addition [7] [9]. This is due to the formation of light composite Ca-Pb compounds containing NaF, as mentioned above. Table 2 
